Background: Cats with hypertrophic cardiomyopathy (HCM) have decreased left
| INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is the most common heart disease in cats, and is characterized by left ventricular (LV) hypertrophy in the absence of abnormal loading conditions. 1, 2 Cats showing clinical signs have high cardiac mortality rates, but the prognosis in cats with preclinical HCM is highly variable. [3] [4] [5] [6] [7] [8] [9] HCM is generally considered to be a disease of diastolic impairment, 10 with decreased systolic function (left ventricular fractional shortening [LVFS] ) being identified as a prognostic factor in cats with HCM as a marker for late systolic impairment 8 ; however, early systolic impairment occurs with reduced LV longitudinal displacement (mitral annular plane systolic excursion) 11 and longitudinal myocardial deformation (longitudinal strain) both in people and cats with HCM. 1, [12] [13] [14] [15] [16] [17] [18] [19] [20] Speckle tracking echocardiography (STE) allows the quantification of myocardial deformation in the longitudinal, radial, and circumferential plane and can provide information on regional and global myocardial function. 21 ,22 STE appears to be a sensitive technique for the early diagnosis of HCM in people, and it has been used to differentiate left ventricular hypertrophy because of HCM from athletes' heart, cardiac amyloidosis, or storage disease. STE abnormalities have been documented in people with pathogenic HCM mutations who are phenotypenegative based on conventional echocardiographic imaging. [23] [24] [25] [26] [27] [28] Reported applications for left ventricular STE in veterinary medicine have included the investigation of dilated cardiomyopathy, tachycardiainduced cardiomyopathy, degenerative mitral valve disease, and patent ductus arteriosus. 18, 19, [29] [30] [31] [32] [33] [34] [35] Three STE studies have reported investigations of cardiac mechanics in cats with HCM. 18, 19, 36 One study showed no difference in peak systolic longitudinal strain (S) and strain rate (SR) in cats with asymptomatic HCM compared to healthy controls, whereas another study showed reduced longitudinal and radial S in cats with asymptomatic HCM compared with controls. Left ventricular wall thickness was inversely correlated with longitudinal S, radial S and SR, and circumferential S and SR. 19 The most recent study investigated multilayer STE in asymptomatic cats with dynamic outflow obstruction and found lower longitudinal S and SR on all layers and an increased epicardial-to-endocardial ratio in circumferential S and SR with preserved endocardial circumferential S when compared to healthy cats. 36 Left ventricular (LV) wall thickness is the measurement most commonly used to diagnose HCM in both people and cats; however, it is a relatively crude measure of hypertrophy and does not take into account the overall distribution. Left ventricular mass can be calculated from echocardiography and 1 study in people reported good correlation between longitudinal S and LV mass. 12, 14 Left ventricular mass is not routinely obtained in cats, although 1 study reported moderate correlation between LV mass measured post-mortem (considered the gold standard) with LV mass calculated by the truncated ellipse method from 2-dimensional (2D) echocardiography in cats with HCM. 37 Because previous STE studies in cats have enrolled relatively small, heterogeneous populations and found discordant results, we sought to investigate whether cardiac mechanics in cats with preclinical HCM were different compared to healthy control cats, and to evaluate whether the magnitude of left ventricular hypertrophy correlated with STE-derived variables. An additional aim of the study was to identify the best logistic regression model that could aid in differentiating cats with HCM from healthy controls using echocardiographic indexes other than LV wall thickness.
Our hypotheses were that longitudinal and radial S and SR would be lower in cats with HCM compared to healthy control cats, whereas circumferential S and SR would not differ. We also hypothesized that STE-derived variables would correlate with LV mass and that measurements of longitudinal deformation and LV mass would be useful in supporting a diagnosis of HCM.
| MATERIALS AND METHODS
The study received ethical approval from the Royal Veterinary College (SR 2018-1559). The electronic database and echocardiography records were reviewed for cats diagnosed with preclinical HCM between April 2015 and September 2017. The control group comprised mainly healthy cats undergoing cardiac assessment as part of a blood donor program or cats in which a heart murmur had been auscultated but no structural abnormalities had been identified on echocardiography.
Enrolment criteria were a complete case record (owner data, cat signalment and history, complete physical examination) and a complete echocardiographic examination. Cats were included in the preclinical HCM group if the mean left ventricular wall thickness measured at end diastole was ≥6 mm for at least 1 myocardial segment (at the interventricular septum or left ventricular free wall). 3, 4, 7 Cats were included in the healthy control group if no abnormalities were detected on the echocardiographic examination and no systemic illnesses that might affect hemodynamics or the cardiovascular system were observed. Additional inclusion criteria were the presence of good quality images with a minimum frame rate of 100 fps, and cine loops to allow STE evaluation from a right parasternal short axis view at the level of the papillary muscles, and a left apical 4 chamber view.
Additional requirements included a symmetric, circular LV crosssection with minimal translational motion ("out-of-plane motion") for the short axis views, and long axis views excluding the LV outflow tract, optimized for LV length and endocardial borders. When available, a cine loop from the left apical view optimized for longitudinal right ventricular strain and strain rate was preferable but not necessary for inclusion in the study. The area-length method from the left apical 4-chamber view was used to calculate left ventricular ejection fraction. 38, 39 LV mass was calculated by the truncated ellipse method recommended in people and previously applied in cats, 37 with the apical 4-chamber view as the reference long axis view. 39 Mitral annular plane systolic excursion at the level of the free wall (MAPSE FW) and interventricular septum (MAPSE IVS), as well as tricuspid annular plane systolic excursion (TAPSE) were measured as described.
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Speckle tracking postprocessing was performed off-line by 1 single, trained observer (IS). Commercial software was used for offline analysis (Echo Pac off-line measurement software, GE systems, Hatfield, United Kingdom). The cine loop was evaluated frame by frame to select a single frame as a starting point. Generally, the software would automatically select end-systole, but the observer assessed the whole cycle before selecting the best still frame. The endocardium was tracked manually, after which a region of interest was generated by the software, and was adjusted to fit the LV wall thickness by the observer. The software automatically divided the myocardium into 6 segments and evaluated tracking quality during the cardiac cycle. The whole cine loop was further evaluated by the operator and adjusted, if needed; only 1 manual attempt to adjust endocardial points was considered acceptable. After this procedure, S and SR curves were obtained by the software. Data were then exported to an Excel data sheet and prepared for statistical analysis.
All echocardiographic values were measured 3 times on a single day by the same operator based on a single-cycle clip/image and the results shown are averaged. For advanced echocardiographic values, a global peak systolic S and SR are provided, which are the averaged value of the 6 regional segments identified by the software. Global IVS and global LVFW S and SR were also calculated as the mean value of the 3 segments belonging to the IVS or FW. Right ventricular longitudinal S and SR were calculated only at the RV free wall (3 segments) by using a LV 4 chamber template and the interventricular values were discarded.
Circumferential and radial S and SR were measured from the right parasternal short axis view, whereas LV longitudinal S and SR were measured at the apical 4-chamber view, RV longitudinal S and SR, when available, from a left apical view optimized for the RV. All S and SR values were obtained from a mid-myocardium level. A within-day and between-day coefficient of variation (CV) of both global and regional strain and strain rate was assessed in 10% of the cats. For the repeatability study, within-day and between-day coefficients of variation (CV) were calculated, including global and regional CV. CV was calculated as the ratio between SD and mean × 100.
| Statistical analysis
Correlations between STE-derived variables and left ventricular wall thickness were tested by the Pearson's correlation coefficient.
The correlation was considered perfect, strong, moderate or weak when the value of the correlation coefficient (r) was 1, 0.7-0. Predicted probabilities derived from the equation generated by the final logistic regression model were used to plot an additional ROC curve. 42 
| RESULTS
After case selection based on the inclusion criteria (Figure 1) weight was 4.6 ± 1.2 kg with no difference between groups. Most cats were male (54/73), with no difference in proportion of male cats in the 2 groups. The majority of cats were domestic shorthair (46/73),
Russian White and Ragdoll (2/73 each). No difference between the
proportion of pedigree/ non-pedigree cats was found in the 2 groups (Table 1) .
Within-day and between-day CV of STE-derived variables showed overall acceptable results, with greater variability on the regional S and SR compared to global S and SR (Table 2) . Twenty-eight cats with preclinical HCM had dynamic left ventricular outflow tract obstruction. When evaluating echocardiographic data, cats with HCM had increased left atrial diameter in long axis (LAD, P = .002), LVFS (P = .008), and LV mass (P < .001) compared to healthy controls. Furthermore, cats with HCM had lower LAFS (P = .006), MAPSE IVS (P < .001), MAPSE FW (P < .001), and TAPSE (P = .028) compared to healthy control cats (Table 3) . When compared to normal cats, cats with HCM had lower radial S (P < .001) and SR (P = .022) and less negative longitudinal S (P < .001) and SR (P < .001) ( Table 4) Table 5 ). Based on the Youden Index, the best cutoff for LV mass was 10 g (Youden Index 0.62) and −15.9% for Long S (Youden index 0.56).
The final logistic regression model showed that LV mass, MAPSE FW, and LVIDd in combination best predicted the presence of HCM (Table 6 ).
The combination of these tests increased the probability of a cat with HCM to be correctly classified as affected (predicted ROC curve, AUC 0.974, CI 0.945-1.000) (Figure 2 ).
F I G U R E 2 ROC curve constructed using probabilities derived from the binary logistic regression and selected echocardiographic variables to differentiate asymptomatic cats from those with HCM. The 4 individual echocardiographic variables with the greatest areas under the curve are plotted in addition to the predicted probabilities from the regression equation. The gold standard was 2-dimensional left ventricular wall thickness. The area under the curve with 95% confidence interval values is displayed in 
| DISCUSSION
The results of the present study showed that in 2 groups of cats of similar age, sex, weight, body condition score, and heart rate, cats with preclinical HCM had lower absolute values of both longitudinal and radial S and SR, and greater LV mass. Furthermore, a correlation was found between regional IVS or FW longitudinal S and regional LV wall thickness, as well as between longitudinal S or SR and LV mass. In the study population, these variables performed well individually at differentiating cats with preclinical HCM from controls when compared to standard echocardiographic variables. The logistic regression model that best predicted the presence of HCM included a combination of LV mass, MAPSE FW, and LVIDd. Within-day and between-day CV was acceptable and similar to previous studies, 34, 35, 43 with global S
and SR values achieving better reproducibility than regional measurements, as identified in a previous study on S/SR. 43 Studies on myocardial fiber distribution showed that the myocardium has longitudinally and circumferentially oriented fibers, which support cardiac contraction in different deformation planes. 44 Short axis, long axis, and twist represent deformation planes that contribute to cardiac ejection. 22 LVFS can be considered a surrogate of short axis deformation, as well as circumferential and radial S and SR. Long axis function can be identified by atrioventricular systolic plane excursion (MAPSE), as during contraction the cardiac base descends toward the cardiac apex 45 ; longitudinal S and SR are also additional long axis deformation variables. The right ventricle has mainly longitudinally oriented fibers, with minimal short axis deformation, therefore TAPSE and longitudinal S and SR are the deformation variables that can be used to assess right ventricular deformation. Torsion and twist are an additional feature of the contracting heart, as the heart base and apex counter-rotate to allow twisting of the left ventricle to aid ejection.
STE allows the evaluation of myocardial deformation in different planes and is an echocardiography-based technique. 21, 22 As with every technique, there are limitations, which for STE are mainly related to image quality, out of plane motion, and load dependency. 21 Additional limitations include a steep learning curve, inter-vendor software analysis variation and an overall acceptable CV, mainly with global results, yet regional segment analysis can have greater variation (up to 16% of variation). 43 The present study included cases seen at the authors' outpatient clinic, and the required cine loops were not different from the standard views required for a standard echocardiogram. It is important to take particular care with image quality, symmetry and in limiting out-of-plane motion to allow STE analysis and this technique might therefore be difficult in uncooperative or critically ill cats.
The results of our study showed that longitudinal deformation is impaired early in the disease, similar to previous reports in people with preclinical HCM [13] [14] [15] [16] [17] where early impairment in longitudinal and radial S and SR has been observed, whereas circumferential S and SR tend to be preserved or increased, with some studies reporting deterioration of the circumferential deformation as a possible explanation for the development of clinical signs. 12, 14, 16 Previous studies assessing STE in cats with HCM showed discordant results. One study did not identify any change in longitudinal systolic S or SR, with the only abnormality detected being a diastolic change in longitudinal E and A SR, but not its ratio. 18 The cat population was relatively homogeneous and no cat received treatment.
However, sample size was smaller than our study, and the degree of hypertrophy was mild, which might account for the differences in the results. Also, no segmental S or SR data were shown, and only global values were presented. In the present study, diastolic SR analysis was not performed so it is not possible to fully compare our study to those previously published. in circumferential S and SR in humans 12, 14, 16 and there is currently interest in the assessment of a transmural strain difference both on MRI and echocardiography 46, 47 39 and previously applied in cats. 37 It requires both short-and long-axis views, but an overall acceptable correlation was found compared to post-mortem LV mass assessment in cats, although MRI-based mass calculation correlated better to actual LV mass. 37 Healthy control cats in our study had similar values to the ones reported previously. 37 Longitudinal S and SR seemed to correlate well with LV mass, with less negative longitudinal S values associated with increasing LV mass. There is similar correlation in people with HCM. 12, 14 Early diagnosis and risk stratification are important targets in human medicine in order to deliver the best treatment options. A decrease in longitudinal S has been associated with a poorer prognosis in people, with the highest incidence of adverse events (including congestive heart failure, ventricular tachycardia, sudden cardiac death or the implantation of a cardiodefibrillator device) with lower absolute values (ie, less negative results). 49 A longitudinal S greater than −16%
(ie, less negative) was an independent predictor of adverse effects in people. 50 Limitations of the present study include its retrospective nature;
however, a standardized protocol for clinical cats and healthy controls was applied. It was not possible to blind the operator to the presence of LV hypertrophy when making echocardiographic measurements, and our study did not address diastolic function deformation via standard echocardiography or STE, or torsion or twist. Variability of right ventricular shape makes RV imaging more challenging; where available, the authors used RV focused views; otherwise, RV S and SR
were not assessed. Our study was not designed to assess genotype.
The classification and ROC curve output was based on a 2D enddiastolic LV wall thickness cutoff of 6 mm, which is considered a conservative cutoff for the diagnosis of HCM in cats, it is possible that other cutoffs could be better at classifying HCM in cats. Furthermore, the authors cannot exclude that the healthy cats group might have included cats with preclinical HCM not meeting the current criteria for HCM. Additionally, the regression model was performed in a dichotomous population of cats, where LV hypertrophy was manifest or absent based on the selected cutoff, so the results of this model might not be readily applied in a population of cats with equivocal/genotype positive-phenotype negative cats, for which a longitudinal study would be required.
In conclusion, cats with HCM had decreased systolic long axis deformation and radial deformation, but overall preserved circumfer- 
